Abstract. Cervical cancer incidence is tightly linked to HPV infection, and particularly virus types 16 and 18 cause the majority of cases presenting with pre-cancerous stages of cervical intraepithelial neoplasia (CIN). Structural and functional information concerning HPV proteins can offer novel insight into the mechanism(s) of cancer progression in the cervical epithelium. Recently, novel structural determinants of the interactions of viral proteins with their targets in keratinocytes have been elucidated. These exciting findings open the way for the development of targeted anti-oncogenic therapies, and may eventually allow the introduction of novel approaches for a rational cervical cancer treatment.
Introduction: HPV and cervical cancer
Cervical cancer is attributed to human papillomaviruses (HPVs). Depending on their oncogenic potential, HPVs are divided into low-risk types that predominantly cause benign warts and high-risk types associated with malignant disease (1) . There are ~15 high-risk mucosal HPV types of which the most important ones are HPV16 and HPV18, which together account for more than 70% of cervical carcinomas in women (2) . The genome of HPV16 and HPV18 contains a long control region (LCR) and eight genes implicated in the virus life cycle. Binding sites for transcription factors and the viral E1 and E2 proteins are located in the LCR. The expression of viral mRNAs is controlled by two promoters, early promoter (PE) and late promoter (PL) in HPV16 and HPV18 (3) .
Viral entry occurs through a minor abrasion of the cervical epithelium, which allows HPV virions to infect the basal strata. Upon entry, during the establishment phase, the virus is maintained as an episome at ~50-100 copies in the infected cells, inducing early intraepithelial lesions such as CIN1. The first viral genes expressed are the oncogenes E6 and E7 in the lower strata cells; this expression results in cell cycle deregulation and subsequent proliferation, while in the upper layers, genome amplification occurs through the expression of other proteins such as E1, E2, E4 and E5, with these cells residing in the S or G 2 phase of the cell cycle. Exit from the cell cycle in these cells occurs through a viral copy number increase up to many thousands of copies/cell. Furthermore, the ensuing expression of the viral L1 and L2 proteins in E4-positive cells, allows the packaging and generation of novel infectious viral particles. In the second or the maintenance phase of the viral life cycle, the virus is integrated into the host genome, leading to a gradual progression to cervical cancer via the CIN2 and CIN3 stages. Finally, in the vegetative or productive phase, amplification of the viral DNA occurs in high copy numbers in the differentiated cells, resulting in its packaging in viral capsids. In established cervical cancer, the integration of the viral genome results in the abnormal overexpression of E6 and E7, and the loss of expression of full-length E1, E2, E4 and E5 as well as L1 and L2 capsid proteins (3) (4) (5) . The identification and assessment of all the proteins expressed in the HPV genome, has opened the way for detailed studies of their molecular function, in view of the limited therapeutic modalities for cervical cancer during the last 20 years (6). Currently, major efforts focusing on immunotherapy have not yet yielded a significant breakthrough (7) .
Thus, the aim of the present review is to present the available information on the structural approaches concerning the various key HPV proteins and discuss how this novel insight could lead to targeted therapeutic approaches for cervical cancer.
Structural information on the key HPV proteins
L1 and L2 proteins. The capsid of HPV is composed of two proteins, L1 and L2. L1 exhibits significant differences among HPV types, whereas the L2 sequence is more conserved. L1 protein is the major protein of a virus-like particle (VLP), while the L2 protein constitutes the minor protein. The identification of a heparin-binding C-terminus domain of the L1 of HPV11 type, suggests that the initial attachment of the virion to host cells is mediated by the exposure of the basal membrane of keratinocytes and binding of L1 to heparin sulfate proteoglycans (8) . The mechanism of viral entry includes the binding of VLPs to the α6 integrin subunit and in turn, these complexes utilize β1 or β4 integrin as co-receptors that facilitate HPV binding and entry into epithelial cells (9) . The capsid of the HPV16 VLP has been studied at different stages of maturation by cryo-electron microscopy and image analysis. The size of VLPs varies during maturation. The VLP structures are stabilized by inter-L1 disulfide bonds and their cross-linking increases towards more mature forms (10) . It has been suggested that C161, C229 and C379, which are highly conserved in different HPV types, are actually involved in the early phases of virion assembly, by creating transient disulfide bonds, as was shown mainly by the mutational analysis of the above cysteines (11) . The VLP surface displays loops projecting to the exterior surface, containing epitopes that are recognized by the immune system. Five loops have been identified (BC, DE, EF, FG and HI) which contain epitopes that generate specific antibody responses. Three different structural states of L1 HPV16, an L1 monomer, an L1 pentamer and a VLP consisting of 12 pentamers arranged in an icosahedral structure, exhibit different immunogenicity. The icosahedral VLP is the most effective in eliciting an immune response (12) . In another study, crystal structures of L1 pentamers of high-risk HPV16, HPV18, HPV35 and low-risk HPV11 were resolved. The β-sheets of all HPV types are identical but important conformational changes occur on their pentamer surfaces, including a few angstrom (Å) shift of the surface loop or some substitutions of the surface loop residues. The structural differences of the pentamers are possibly responsible for the binding specificity of monoclonal antibodies that are raised against the VLP of the corresponding HPV type (13) . Furthermore, the properties of the L1 monomer of cutaneous and mucosal HPVs, i.e. HPV5 and HPV16, respectively, have been compared and their 3D-structures were analyzed in order to visualize the number of exposed charged amino acids of the L1 protein.
The number of negatively charged amino acids was higher in HPV5 than in HPV16. L1 HPV5 is negatively charged at physiological pH 7.40, compared to positively charged HPV16 L1 at the same pH. In the same study, the uptake of HPV5 and HPV16 was determined using pseudoviruses in two cancer cell lines, the cervical C33A and the cutaneous HaCaT. The negatively charged heparin did not inhibit the uptake of HPV5 in C33A cells and slightly inhibited its uptake in HaCaT cells. On the contrary, it inhibited the HPV16 uptake in HaCaT cells and completely blocked its uptake in C33A cells. These differences between HPV5 and HPV16 could reflect differences of the HPV tropism between cutaneous and mucosal HPV types (14) .
The L2 protein in HPVs represents the minor protein of the capsid (15) . It promotes the transportation of the virion into the nucleus of the host cell by interacting with host dynein following endosomal entry (16 (18) . In order to study in vitro the interaction of L1 and L2, HPV16 capsids or pseudoviruses were produced in 293T cells. Capsids were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and the evaluation of L1 and L2 band intensities yielded a L1:L2 ratio of 5:1. Computerized reconstructions of L1 and L2 capsids revealed pentavalent capsomers, whereas cryo-electron microscopy showed an icosahedrally ordered L2-specific density beneath the axial lumen of each L1 capsomer. Using bimolecular fluorescence and 'split GFP' technology, L2 proteins were shown to be located in close proximity in the virion structure (15) . A proposed model for the entry of HPV16 in keratinocytes, involves binding via the L1 major capsid protein to heparin sulfate proteoglycans (HSPGs) on the epithelial cell surface or the basement membrane. Growth factor receptors form complexes with HSPGs and HPV16, thus inducing conformational changes of the virion. Subsequently, isomerization of the virion by cyclophilin B and proprotein convertase occurs, leading to L2 minor capsid protein cleavage and the increase of L2 N-terminus exposure. The binding of HPV16 to α6 integrins promotes further signaling cascades inside the cell, by binding to L2-specific receptors, such as Annexin A2 heterotetramers, leading to clathrin-, caveolin-, lipid raft-, flotillin-, cholesterol-and dynamin-independent endocytosis of HPV16 (19) . The role of Annexin A2 heterotetramer has been studied in terms of viral infection, since the S100A10 subunit of the heterotetramer based on immunoprecipitation studies, interacts with HPV16 L2, facilitating viral entry in knockdown experiments (20) . In addition, the entry of HPV51 was found to be mediated by the transport protein particle complex subunit 8 (TRAPPC8) following HPV binding to HSPGs. The transport protein particle (TRAPP) complex regulates multiple membrane trafficking pathways and TRAPPC8 is one of its subunits expressed in human tissues. As proposed, TRAPPC8-dependent endocytosis transports the capsid into the cell. After conformational rearrangements of the capsid, the L2 N-terminus is exposed and interacts with TRAPPC8, blocking the function of TRAPPC8. As a result, the endosome is degraded and the viral genome is released from the trans-Golgi network (21). In conclusion, L1 and L2 proteins are responsible for the virion assembly and are involved in crucial interactions with cellular macromolecules that facilitate viral entry to keratinocytes.
E1 protein.
The E1 protein acts as a DNA-dependent adenosine triphosphatase (ATPase) and DNA helicase; these enzymatic activities are required for the initiation of viral DNA replication. E1 protein forms a complex with E2 protein that binds to the origin of replication of the viral DNA, which contains binding sites for both proteins. In particular, binding of an E1 dimer to an E2 dimer occurs, forming a complex that binds to the origin of replication with high specificity. The E2 dimer is displaced by a second E1 dimer, in an ATP-dependent manner, resulting in E1 tetramer formation. The next step is the binding of two E1 monomers to each half of the origin of replication, which results in the formation of two E1 trimers. The final result is the formation of two hexamers to the viral origin, each hexamer located to each half of the origin of replication, that act as a helicase, unwinding the viral DNA and eventually recruiting the host DNA polymerase to initiate replication (22, 23) . A highly conserved N-terminal region of E1 among different HPV types was found by deletion analysis, to be necessary for efficient replication of viral DNA. The above region forms an amphipathic α-helix (AH) and a specific peptide within binds to the p62 protein subunit of the human homolog of transcription factor TFHII. mutational analysis of the three conserved hydrophobic residues in the E1 AH, revealed a 50% reduction of the ability of E1 to support transient replication of DNA in C33A cells (24) . Human p80 is an important co-partner of all mucosal HPV E1 proteins. P80 binds to the N-terminal 40 amino acids of HPV31 E1. Amino acid substitutions in this region, cause 70% reduction of viral DNA replication. The structure of the N-terminal 40-amino acid-long peptide originating from HPV31 E1, was solved by NmR. Overexpression of this 40-amino acid-long p80-binding peptide, derived from HPV31 E1, led to the inhibition of viral DNA replication preventing the recruitment of endogenous p80 to the origin of replication. Thus, the E1-p80 interaction represents a promising new target for antiviral therapy (22) . In another study, the structure of the DNA-binding domain of E1 HPV18 was resolved by crystallography and was compared to the respective structure of DNA-binding domain from E1 of the bovine papillomavirus type 1 (BPV1). The DNA-binding loop in HPV18 E1 displays a disordered pattern of organization in contrast to the respective loop in E1 BPV1. The α3 helix of the HPV18 E1 DNA-binding domain (DBD) is a residue shorter than the analogous BPV1 E1-DBD α3 helix. The α3 helix is the dimerization helix and the process of dimerization occurs through its hydrophobic residues of each monomer, as confirmed by mutational analysis and ChiP assays (25) . In conclusion, the structure of E1 HPV protein allows binding to specific origins of replication of viral DNA and its distinct domains display an ATP-dependent DNA helicase activity that facilitates viral DNA replication.
E2 protein.
Regulatory protein E2 is involved in the initiation of viral DNA replication through the interaction with E1. E2 acts as a transcription factor by binding to the E2 response element (E2RE), which is the major E2-dependent enhancer in the LCR, as shown in the BPV1 genome (23) . The structure of E2 protein reveals its discrete functions, as far as cell transformation is concerned. There are three basic domains in E2 which include the DBD at the C-terminus, the flexible hinge in the middle and the transactivation domain (TAD) at the N-terminus of the protein (26) . The structures of the DBDs of different high-and low-risk HPVs were resolved by crystallography. moreover, the interaction of the DBD of E2 proteins with the LCR of the viral DNA was evaluated. It is interesting to note that the structure of the DBD from the HPV6 E2 protein, shows higher structural homology to the equivalent DBD from the HPV18 E2 and BPV1 E2 proteins than the DBD from HPV16 E2. The most common DNA binding site for HPV16 and HPV6 E2 DBDs is the sequence 5'-AACCGN 4 CGGTT-3', where N 4 represents a 4-bp central spacer sequence. This central spacer contains sequences rich in AT that promote DNA bending and increases protein binding (27) . The interaction of E2 with E1 was studied by the use of small molecules that bind to the N-terminal TAD of HPV11 E2 and inhibit its interaction with E1. These inhibitors contain an indandione system spirofused onto a substituted tetrahydrofuran ring, and abolish DNA replication. The study of the tertiary structure of the low-risk HPV11 E2 TAD is interesting, as it resembles the corresponding domain of HPV16. The crystal structures of the HPV11 E2 TAD with the above inhibitors, were resolved by crystallography and the specific amino acids that form the inhibitor binding pocket have been identified. These amino acids are located in a three-helix formation and amino acid substitutions in this area alter the binding pocket, by changing the packing of these three helices (28) . DNA binding properties of HPV6 E2 DBD and a corresponding mutated DBD lacking two C-terminal leucine residues that form part of the hydrophobic core of the protein, were compared by employing NmR. It was proven that the hydrophobic core and loop regions that guide the DNA binding helices are highly flexible in the mutant. This increased flexibility resulted in non-specific DNA binding and loss of E2 protein function (29) . In conclusion, the current data indicate that E2 protein facilitates initiation of viral replication via its interactions with the E1 protein.
E4 protein. E4 protein of HPV16 is expressed as an E1^E4 transcript of 92 amino acids (30) . The process of alternative splicing generates the E1^E4 protein, in which the initiation codon and the first few amino acids originate from the E1 open reading frame (31) . E4 is detectable in the upper layers of the epithelium, expressed at the late phases of the HPV life cycle (23) . The N-terminus of HPV16 E2 protein was proven to interact with the E1^E4 protein through direct binding, leading to the stabilization of E2 and translocation from the nucleus to the cytoplasm (32) . A mammalian expression system was used to demonstrate that HPV16 E1^E4 arrests HeLa (HPV18 + ) and SiHa (HPV16 + ) cervical epithelial cells in the G 2 phase. mutagenesis analysis revealed an important region rich in prolines in HPV16 E1^E4 responsible for the G 2 arrest, which contains a putative nuclear localization signal, a cyclin-binding motif, and a single cyclin-dependent kinase phosphorylation site. The arrest domain of HPV16 E1^E4 is similar to the corresponding E1^E4 of HPV11, a low-risk mucosal type, which also causes G 2 arrest. However, E1^E4 from HPV1, a low-risk cutaneous type which does not mediate G 2 arrest, exhibits significant differences at the sequence level when its arrest domain was aligned with E1^E4 from HPV16 and HPV11. This structural difference is responsible for the inability of HPV1 E1^E4 to induce arrest at the G 2 phase (33). mutational analysis of HPV1 E4 and HPV16 E4, revealed that the C-terminal domain of HPV16 E1^E4 is crucially involved in the disruption of the keratin filament network (34) . HPV16 E1^E4 protein associates with the keratin intermediate filament network as it was shown by immunofluorescence microscopy. This conserved function amongst the HPV Alpha-group E1^E4 proteins, has been demonstrated by amino acid sequence alignment. Hyperphosphorylated and ubiquitinated E1^E4-keratin structures have been documented, resulting in the impairment of the proteasome and causing the disruption of the keratin network (35) . In conclusion, E4 protein is expressed in the upper layers of the cervical epithelium and its biological functions involve cell cycle arrest and disruption of keratin filaments.
E5 protein. HPV16 E5 is a transmembrane protein of 83 amino acids, localized in the Golgi apparatus (GA) and the endoplasmic reticulum (ER). The protein folds in three hydrophobic domains which contain a high percentage (37%) of α-helical structure (36) . HPV16 E5 regulates growth signaling pathways as it activates the epidermal growth factor receptor (EGFR) and the downstream Ras-Raf-mAP kinase pathway or the PI3K-Akt pathway that lead to altered cell proliferation, angiogenesis and inhibition of apoptosis (37) . The HPV E5 protein has been shown to contribute to immune evasion as it interacts with mHC/HLA class I, at the GA, where it accumulates. As a result, HPV16 E5 prevents transport of mHC-I to the cell surface and retains the complex in the GA, attenuating the recognition of a viral epitope by natural killer (NK) cells (37, 38) . The biological effect of E5 is mainly mediated by its interaction with the HLA-I heavy chain. Furthermore, the first hydrophobic domain is absolutely required for the downregulation of surface HLA-I and interaction with the heavy chain (38) . In another study, the pH status of different intracellular compartments was tested upon the presence of the E5 protein. The transduction of human keratinocytes with an E5 vector increased endosomal pH from 5.9 to 6.9, but it did not affect the normal trans-Golgi pH of 6.3. Endosomal location of E5 increases pH and presumably enhances EGFR signaling (39) . The expression pattern of HPV16 and HPV18 E5 was evaluated by creating specific 3 H-labeled riboprobes targeting the corresponding mRNAs. The E5 mRNA and protein of these HPV types were found in anogenital LSIL but not in cervical tumors, suggesting a role of E5 in the early stages of HPV infection (40) . A proposed mechanism for the interference of HPV16 E5 in apoptotic pathways has been described. HPV16 E5 is responsible for an antiapoptotic effect by impairing tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and Fas ligand (FasL)-mediated apoptosis in two different ways. Firstly, HPV16 E5 downregulates the levels of Fas receptor in the cell surface, thus preventing its interaction to its corresponding ligand. Secondly, HPV16 E5 prevents the formation of the deathinducing signalling complex (DISC) which is induced by TRAIL (41) . One important target of HPV16 E5 was proven to be interferon β-1 (IFN-β1), its expression known to be facilitated by the increased interferon regulatory factor 1 (IRF-1) protein accumulation in human keratinocytes. A proposed model of action during the episomal infection of HPV, assumes that HPV16 E5 stimulates IFN-β1 and IRF-1 expression that lead to episomal clearance. Following this, only transcripts of integrated viral genes remain, E5 expression is abolished and the IFN-IRF-1 mediated response is shut down. meanwhile, high levels of E6 and E7 oncogenes suppress the signaling pathway of IFN (42) . In a comparative study of BPV1 E5 and HPV16 E5, the transforming properties of the two different E5 proteins were evaluated. Epitope-tagged BPV1 E5 and HPV16 E5 proteins were expressed at the same level in fibroblast cell lines. However, only BPV1 E5 but not HPV16 E5 could activate growth factor receptors, phosphoinositide 3-kinase or c-Src. In fibroblast cell line NIH 3T3 co-cultured with vectors expressing either BPV1 E5 or HPV16 E5, only cells that expressed BPV1 E5 formed visible foci, underscoring the limited proliferating capacity of cells expressing HPV16 E5 (43) . E5 has also been shown to be responsible for cell transformation when acting with other oncoproteins. For example, with the contribution of E6 it results in the formation of koilocytes, as was demonstrated in human cervical cells in vitro. Koilocytes, which are squamous epithelial cells that contain an acentric, hyperchromatic nucleus that is displaced by a large perinuclear halo, constitute a morphological marker of HPV infection (44) . A proposed model for the formation of koilocytes includes E5-induced translocation of calpactin I to the perinuclear region which promotes perinuclear membrane fusion (45) . A novel partner for HPV31 E5 seems to be the proteolipid protein A4 which is localized to the ER with E5. This interaction facilitates the differentiation of keratinocytes, as was confirmed in organotypic raft cultures, with these cells expressing high levels of A4 (46) .
The role of HPV16 E5 was also demonstrated in the HaCaT human keratinocyte model. E5-expressing cells formed a highly abnormal epithelium, where many cells exhibited characteristics of cells derived from the basal membrane, such as production of matrix metalloproteases (mmPs). It was documented by mutational analysis, that the first hydrophobic domain of E5 is required for invasion. The four C-terminal amino acids induce the production of mmP9, presumably by increasing the levels of transcription factor AP-1 that binds to the mmP9 promoter (47) . In conclusion, E5 protein is responsible for immune system evasion of the HPV, induction of apoptosis, cell transformation and episomal clearance.
E6 protein.
HPV E6 proteins are quite small in size of ~150 amino acids, and include two zinc-binding domains E6N and E6C (48) . The structure of the E6 homodimer was characterized by NmR where it was shown that E6 dimer disruption through mutations at the E6N domain, enhances E6 solubility and subsequent reduction of p53 degradation potential. The E6N and E6C domain structures were resolved by NMR studies demonstrating that E6 specifically dimerizes through its N-terminal domain. It has been proposed that each E6 molecule of the dimer binds to one molecule of ubiquitin ligase E6-associated protein (E6AP) and to one molecule of p53 in order to promote the polyubiquitination of p53 by E6AP, resulting in p53 degradation (Fig. 1) . Dimers of E6 are formed in high-risk mucosal HPV16 and HPV18 types, as well as in low-risk mucosal type HPV11, whereas E6 from cutaneous strains HPV5 and BPV1 is monomeric. However, only the dimeric E6 protein from oncogenic types HPV16 and HPV18 has the ability to polyubiquitinate p53. The structural basis for the inability of the HPV11 E6 dimer to target p53 for degradation is currently under investigation (49) . E6 protein from high-risk HPV types also binds to proteins containing PDZ domains and targets them for degradation. The interaction of the complex of the human homologue of the Drosophila discs large tumor suppressor protein (hDlg) bound to HPV18 E6 was analyzed by NmR (50) . The structure of the second zincbinding domain (51Z2) of the high-risk HPV51 E6 protein was also resolved by NMR spectroscopy. Specifically, circular dichroism spectroscopy revealed an increased flexibility of the above area of E6, indicating that this may be the structural feature of E6 oncoproteins. Another study investigated the E6AP binding site of E6 protein in HPV16. The conclusion was that an inhibitory ligand can bind to E6 protein at its E6AP binding pocket, restore p53 expression and induce apoptosis in HPV16 positive cells. This important finding opens new perspectives for drug development against HPV (51) . In a subsequent study, more details were provided concerning the specific interactions of E6, E6AP and p53. In particular, the crystal structure of the ternary complex containing the proteins of interest HPV16 E6, the LxxLL motif of E6AP and the core domain of p53, was determined. The LxxLL motif is a short leucine (L)-rich LxxLL consensus sequence within the ubiquitin ligase domain of E6AP that binds to E6. The formation of the ternary complex results in ubiquitin-mediated p53 degradation. mutations of E6 residues that establish interactions with p53 abolish complex formation and p53 degradation (52) . An equally important function of the E6 protein is the upregulation of hTERT telomerase expression; only high-risk HPV E6 proteins bind to the promoter of hTERT telomerase and induce its expression. Another interesting function of E6 proteins both in high-and in low-risk HPV types, is their ability to interact with caspase 8, through the DED region of caspase. The result is the localization of caspase 8 to the nucleus, as shown by binding assays and immunofluorescence experiments. The nuclear localization of caspase 8 is required for the facilitation of the viral cycle and the proliferation of cells that express E6, presumably through regulation of apoptotic signals (53). In conclusion, E6 interacts with p53 and proteins with PDZ domains leading to their degradation, while increases hTERT expression, and thus promoting cell cycle deregulation and subsequent malignant transformation.
E7 protein.
The structure of the HPV18 E7 protein contains three discrete domains, CD1, CD2 and CD3. These domains are also called CR1, CR2 and CR3, respectively. E7 protein has one Zn 2+ ion which coordinates to four cysteines at the C-terminal domain through the two Cys-X-X-Cys motifs located in the CD3 domain, thus forming a hydrophobic core. Zn 2+ plays a crucial role in the maintenance of structural integrity of HPV18 E7 and is absolutely required for proper folding and thermal stability of the protein. The N-terminal domain is flexible and binds to the pRb protein via its LXCXE motif, which is located in the CD2 region (54) . In a crystallography study of the CD3 domain of E7, a zinc binding domain was characterized and was implicated in the dissociation of pRb from E2F transcription factors and the early cell progression into the S phase of the cell cycle. By performing mutational analysis, two specific binding sites were discovered in the CD3 region. The first is necessary for pRb binding, whereas the other is necessary for E2F binding (Fig. 2) . Interaction of pRb with E7 is necessary to disrupt the pRb-E2F complex (55) . A crystallography analysis of the pocket domain of the retinoblastoma (Rb) protein, revealed its interaction with a nine-residue E7 peptide containing the LxCxE motif. The crystallography study revealed the presence of two boxes in the Rb pocket, the A-and the B-box. The E7 LxCxE was shown to bind to an extended peptide onto a conserved groove of the B Box (Fig. 2) . A recent study links the conformational status of HPV16 E7 to functional redox roles, as the protein contains seven highly conserved cysteines. These are modified under oxidative stress that characterizes HPV-transformed cells. There are two distinct redox centers, cysteine 24 located in the E7N domain, which contains the Rb binding site, and also cysteines 59/68 located in the E7C domain, which contains the Zn 2+ binding site. Under oxidative stress, glutathionylation of cysteine 24 abolishes Rb-binding. Binding of Zn 2+ to cysteine residues 59 and 68, mediates structural rearrangements leading to disulfide bridging of the above cysteines (56) . moreover, it was demonstrated that HPV8 E7 is imported in the nucleus of HeLa cells, following transfection with enhanced green fluorescent protein 8E7 (EGFP-8E7), and that the actual role of cysteine residues seems to be significant. mutations in cysteine residues involved in zinc coordination alter the nuclear localization of EGFP-8E7 (57). The entire structure of HPV16 E7 protein was recently resolved by NmR studies, which revealed that the E7 heterogeneity and dynamics, containing a flexible N-terminus and a more structured C-terminus, may be responsible for the oncogenic potential of E7 and its interactions with other important biomolecules (58) . These interactions of E7 with its protein targets result in uncontrolled cell division and subsequent malignant transformation.
Potential for targeted therapy
Delineation of the interactions of HPV oncoproteins E6 and E7 with their multiple cellular targets, can provide the impetus for an eventual targeted drug therapy for cervical cancer. Specifically, an in silico study suggested that plant compounds could be used to treat cervical cancer since they can block the binding of HPV18 E6 to p53, and thus prevent its degradation (59) . moreover, competitive antagonist ligands, i.e. benzopyranone derivatives, that disrupt the E6-E6AP interaction, were developed in order to inhibit the formation of the complex containing E6, E6AP and p53 (Fig. 1) . These promising anticancer agents were used in binding and functional assays (60) . Another promising agent for cervical cancer therapy is a peptide that targets the E6AP binding pocket of E6 from HPV16 and prevents p53 degradation (61) . As far as therapy via targeting of E7 is concerned, an in vitro characterization and screening of compounds that inhibited the ability of HPV-E7 to disrupt pRB/E2F complexes, has been recently conducted. Thiadiazolidinedione-based molecules exhibited the highest affinity for E7 and effectively prevented its binding to pRB. In addition, some of these compounds were proven to induce apoptosis in HeLa and SiHa cervical cell lines. It is important to note that one molecule was tested in mice injected with the TC-1 lung cancer-derived cell line and was found to significantly reduce the tumor volume without any adverse effects (62) .
The elucidation of the structural features of the E6 oncoprotein responsible for establishing interactions with protein targets, has provided the basis for potential pha r macological inter ventions. In pa r ticula r, the PDZ-binding motif (PBm) of E6, is involved in the formation of complexes with proteins containing PDZ domains and leads to their degradation (50) . An in silico analysis revealed four compounds that could disrupt the interaction of the E6 PBm with the PDZ domain. These compounds target specifically the PDZ domain via the interaction with Gly463 and Phe464 (63) . However, the in silico prediction has to be validated experimentally and thus, the molecular therapy of targeting the PBm, is currently at an early stage of development. As previously demonstrated by Zanier et al (51) , eventual molecular therapy for cervical cancer can also be developed by disrupting the interactions of the E6AP binding site and the E6 protein of HPV16, via an inhibitory ligand that binds to E6 protein. Furthermore, in vitro experiments by the same group, indicate that p53 expression can be restored by treating HPV16-positive cells with selected compounds, leading to apoptosis (49) . In a related study, the interaction of the HPV16 E6 oncoptotein with regulators of apoptosis caspase 8 and E6AP was targeted, in order to reveal putative drugs. Screening of compound libraries for such putative inhibitors was performed and two compounds, myricetin and spinacine, were found to inhibit the binding of E6 to caspase 8 and E6AP. These two molecules had a significant cytotoxic effect specifically for the HPV16-positive cervical cancer cell line SiHa (64) . These compounds exhibit IC 50 value in the µΜ range and offer a proof of principle for therapeutic targeting of HPV E6. Finally, an additional study was based on screening a library of 88,000 compounds for inhibitors of the E6-E6AP interaction. Seven inhibitors were identified by cell-free ELISA assays and two compounds exhibited significant cytotoxic activity towards SiHa and HeLa (HPV18-positive) cells. It is important to note that treatment of these cervical cancer cell lines with the two compounds restored p53 expression and the IC 50 values reached the nm range (65) . This seminal study opens the way for testing the efficacy of such promising compounds for the treatment of cervical cancer. Therefore, besides the functional studies on informative cervical cell lines in vitro (66, 67) , further efforts are also needed employing appropriate in vivo models of cervical cancer in order to fully evaluate the effectiveness of these novel targeted therapies.
Perspectives
Structural studies have revealed important differences between HPV proteins from high-and low-risk HPV types. The structural differences are responsible for different binding partners and offer insight into the mechanisms of HPV-mediated carcinogenesis. In particular, E6 and E7 proteins from highrisk HPV types are responsible for inducing uncontrolled cell proliferation. Only high-risk E6 binds p53 and targets it for ubiquitination, whereas high-risk E7 binds the non-phosphorylated form of the Rb protein and facilitates the cell to bypass the G 1 /S checkpoint.
The structural information on HPV proteins can be used to facilitate research for the development of novel therapeutic targets and new types of vaccines for the prevention and eventual therapy of cervical cancer. In conclusion, insight from the structural studies of HPV proteins has contributed to the elucidation of molecular mechanisms associated with cervical carcinogenesis and may open the way for the development of novel therapeutic approaches.
